The torsional Raman spectra of two astrophysically detected isotopologues of is downshifted around ∼ 10 cm −1 with respect to the literature. All the other (hot) bands have been re-assigned consistently. In addition, the infraredforbidden torsional fundamental band ν 11 is observed here at 197.8 cm −1 . The new spectral characterization in the THz region reported here provides improved values of the Hamiltonian parameters, to be used in the analysis of the rotational spectra of DME isotopologues for further astrophysical detections.
Introduction
Dimethyl ether (DME, CH 3 OCH 3 ) is a relevant astrophysical molecule which was first detected in the ISM by Snyder et al. (1974) , and later on, identified as an abundant species in star forming regions (Schilke et al. 2001) . DME is mainly formed in the gas phase via the radiative association reaction of methoxy and methyl radicals, and it presents a correlation with methyl formate (Carvajal et al. 2010; Favre et al. 2014) , via the oxidation of CH 3 OCH 2 , in cold objects (Balucani et al. 2015) .
In addition to works prior to its detection in the ISM (Taylor & Vidale 1957; Kasai & Myers 1959; Fateley & Miller 1962; Blukis et al. 1963; Durig et al. 1976; Groner & Durig 1977) , the astrophysical interest for the complete description of the spectrum in the millimeter and submillimeter regions of DME and its isotopologues, such as 13 CH 3 OCH 3 ( 13 C-DME) and CH 3 OCH 2 D (d-DME), has brought about many laboratory studies of its rotational spectrum and of a few vibrational bands (Lovas et al. 1979; Neustock et al. 1990; Groner et al. 1998; Coudert et al. 2002; Niide & Hayashi 2003; Endres et al. 2009; Kutzer et al. 2016) . In turn, the analysis of an extensive number of spectral lines in astronomical observations has given rise to the identification of DME in Orion-KL (Brouillet et al. 2013) and the detection of the first excited torsional states lines in a high-mass star forming region regions obliging to extend the spectral analysis to the two torsional fundamentals and their overtones. The spectral region of the torsional overtones is further complicated due to their coupling with the COC bending mode (Senent et al. 1995b) , and the presence of many hot bands. The following notation will be used throughout the paper: ν 11 is the "anti-geared" torsion, ν 15 the "geared" torsion, and ν 7 the COC bending mode; vib-torsional energy levels will be denoted as (v 11 v 15 v 7 ), where v n is the number of torsional or vibrational quanta in the corresponding mode.
The torsional spectrum of DME was explored experimentally at room temperature by Groner & Durig (1977) , using Raman and infrared techniques. The torsional fundamental ν 15 was observed at 241.0 cm −1 . The other torsional fundamental ν 11 is forbidden in the absorption spectrum, and was estimated between 199 cm −1 and 202 cm −1 . The two torsional overtones were assigned to the peaks observed at 2ν 11 = 395.5 cm −1 and 2ν 15 = 481.2 cm −1 .
The lack of an accurate value for the ν 11 torsional mode, prevented the determination of some of the interaction parameters of the effective Hamiltonian, needed for further analysis.
In this paper, the torsional Raman spectra of DME and of 13 C-DME have been recorded at room temperature, and of cooled DME in supersonic jet. The spectrum of cooled DME allowed us to assign unequivocally the torsional overtones and their first hot bands, amending some of the previous assignments. In turn, the new frequencies have been used to refine 3D quantum calculations employing state-of-the art CCSD(T) ab initio calculations (Villa et al. 2011 ) and a torsion-torsion-bending Hamiltonian (Senent et al. 1995b; Carvajal et al. 2012) . The new characterization provides improved values of the Hamiltonian parameters for the analysis of DME and 13 C-DME rotational spectra and future astrophysical detections.
New experimental Raman measurements
Two sets of Raman spectra of DME were recorded in this work: i) at room temperature,
and ii) jet-cooled. The sample of DME was supplied by PRAXAIR, nominal purity 99.8 %,
while that of 13 C-DME was synthesized in the University of Kassel, Germany (Kutzer et al. 2016 ); the latter sample was distilled by liquid nitrogen to remove residual H 2 from the synthesis. Raman spectra of DME and of 13 C-DME were recorded at room temperature under static conditions (pressure 550 mbar and 380 mbar, respectively). In addition, supersonic jets of mixtures of DME diluted in He were produced, to cool the DME. Raman shifts were calibrated against Hg and Ne emission lines, and are accurate to ±0.1 cm −1 .
Raman scattering was excited by 10 W of linearly polarized radiation at 532 nm from a Coherent Verdi V10 laser, sharply focused down to a 15 µm beam waist on the sample by a f =35 mm lens. Scattered radiation perpendicular to both laser propagation and polarization was collected by an f =55 mm photographic objective (Nikon, f /1.8) and projected, with a total magnification ×10, onto the entrance slit of the spectrograph. This is a Jobin-Yvon double monochromator, equipped with two 2400 groove/mm gratings, and a CCD detector with 13×13 µm 2 pixels, refrigerated by liquid nitrogen. Entrance slit was 75 and 150 µm, yielding spectral resolution of 0.36 and 0.72 cm −1 , respectively. Several scans were spike-filtered and averaged.
Raman spectroscopy can be an invaluable tool to investigate the torsional modes of symmetric molecules like ethane (Fantoni et al. 1986; Fernández-Sánchez et al. 1989 ),
propane (Engeln et al. 1990 ), or butane (Compton et al. 1980; Engeln & Reuss 1991) .
In such symmetric molecules, some of the torsional modes are forbidden in IR or MW absorption, while the torsional overtones give rise to weak Q-branches in Raman spectrum, often accompanied by a rich structure of hot bands. In the case of DME, the ν 11 torsional mode is silent in IR-MW; on the contrary, the two torsional modes are Raman allowed, as well as their overtones. The Raman spectra of DME and 13 C-DME in this latter region is shown in Fig. 1 . This region is dominated by the COC bending mode ν 7 , which yields the peak at ∼ 410 cm −1 . In addition to that, a rich structure of peaks due to hot bands can be seen, what difficults the safe assignment of the two torsional overtones. The spectrum of 13 C-DME is rather similar to that of DME, with some of the peaks shifted towards lower wavenumbers, due to the mass increase, as discussed below. The lowest panel shows the spectrum of jet cooled DME in a supersonic expansion diluted in helium. It can be clearly seen that at low temperature, only three peaks survive, which can be assigned unambiguously to the two torsional overtones plus the COC bending modes. Actually, the 2ν 11 torsional overtone had been wrongly assigned (Groner & Durig 1977) to the peak at 395.5 cm −1 in the room temperature spectrum, which dissapears when the molecule is jet-cooled, while the peak at 385.2 cm −1 remains at low temperature.
The Raman spectrum of the jet-cooled DME in the region of the torsional fundamentals is shown in Fig. 2 . These Raman bands are extremely weak, and had not been reported before. The faint Q-branch at 241.4 cm −1 is the ν 15 mode, which was observed previously in IR (Fateley & Miller 1962; Groner & Durig 1977) . The broad band with the comb-like rotational structure can be assigned to the unobserved ν 11 torsional fundamental. A simulation with PGOPHER (Western 2016) , with the selection rules ∆K a = ±1 and ∆K c = ±1, corresponding to a Raman band of A 2 symmetry in the C 2v point group, allows to locate the band origin at 197.8 cm −1 , although it could be downshifted by one unit of vajal et al. 2014), we used a three-dimensional (3D) model for the analysis of their far infrared spectra. Assuming that the three low-frequency vibrational modes can be treated separately from the remaining "high-frequency" vibrations, the 3D-Hamiltonian can be written as:
In this equation, q i , q j = (α, θ 1 , θ 2 ) represent the three independent variables: the COC bending α and the two torsional coordinates θ 1 , θ 2 . The first term, which depends on the B ij parameters (the G matrix elements in cm −1 ), is a 3D-kinetic energy operator. The second term, the effective potential energy V eff , is the sum of three contributions
where V (α, θ 1 , θ 2 ) is the ab initio potential energy, V (α, θ 1 , θ 2 ) the Podolsky pseudopotential, and V ZPVE (α, θ 1 , θ 2 ) the zero point vibrational energy correction. The ab initio potential energy V is isotopically invariant, whereas V and V ZPVE (and thus the effective potential V eff ) depend on the nuclear masses, as well as, of course, the kinetic energy parameters B ij .
All the terms in Eqs. (1) and (2) can be determined from energies, geometries, and harmonic frequencies from accurate ab initio calculations, as described elsewhere (Senent 1998a,b) . In the present paper, we used the previous ab initio calculations by Villa et al. (2011) , performed with the Gaussian 09 code (Frisch et al. 2009 ). Coupled-cluster theory with single and double substitutions (CCSD) (Scuseria & Schaefer III 1989) was employed for the geometry optimizations. To improve the energies, single point calculations were performed adding a perturbative treatment of triple excitations (CCSD(T)) (Pople et al. 1987 ) on the CCSD geometries. Long range effects are well described because the augmented aug-cc-pVTZ basis set was employed in all the computations (Woon & Dunning 1993).
Ab initio energies V (α, θ 1 , θ 2 ) were calculated at 126 configurations for selected values of the three (α, θ 1 , θ 2 ) coordinates: α = (104.676
• → 119.676
• , ∆α = 3 • ), and θ 1 , θ 2 = 0, ±30, ±90, ±150, 180 degrees. In all the 126 configurations, the remaining 3N − 9 internal coordinates were allowed to relax. The other terms of the Hamiltonian, B ij , V , and V ZPVE , were also computed for the same 126 configurations; the V ZPVE correction, needed to obtain reliable results (Smeyers et al. 1996) , was computed within the harmonic approximation. Analytical 3D effective potential energy surfaces V eff (α, θ 1 , θ 2 ) for DME and 13 C-DME were then obtained by fitting their values at the 126 configurations to a series of the form
For DME, A lmn = A lnm and B lmn = B lnm , while for the less symmetric 13 C-DME, the |A lmn − A lnm |, and |B lmn − B lnm | differences are found to be lower than 0.0001 cm −1 .
Formally identical fits were carried out for each of the kinetic energy operators B ij (α, θ 1 , θ 2 ).
The original code ENEDIM (Senent 2001 ) was used to carry out the calculations and fits of the V eff (α, θ 1 , θ 2 ) and B ij (α, θ 1 , θ 2 ) surfaces, and then to compute variationally the torsional and bending energy levels of the 3D Hamiltonian. To reduce the computational expenses and for the classification of the levels, the molecular symmetry properties were taken into consideration. The two isotopologues studied here, 12 CH 3 O 12 CH 3 (DME) and ab initio Hamiltonian were refined to reproduce the old available experimental frequencies of Groner & Durig (1977) . In the present work, the refinement has been revisited using the new Raman observations, as described in the next section. We can anticipate that the ab initio calculations are closer to the new experimental data than to the old ones.
Discussion
The new Raman spectra of cooled DME reported here (see Figs. 1 and 2) probed crucial for the right assignment of the torsional modes and their overtones. At T = 56 K, only three bands survive in the recorded Raman spectrum of DME in the bottom trace of Fig. 1 . At such low T , only transitions starting from the ground state (000) can be observed, due to the population distribution. Thus, the observed 3 peaks can be safely assigned to the transitions from ground state to the (200), (001) and (020) levels, respectively. This has allowed us to reassign the torsional overtone (200) and, with the help of the ab initio calculations, to amend the assignment of other bands already reported in both infrared and Raman spectra. In fact, Groner & Durig (1977) proposed that the torsional overtone (200) of DME lie at 395.5 cm −1 and its first hot band (100)→(300) at 385.0 cm −1 whereas, in this work, they are set at 385.2 cm −1 and 362.6 cm −1 , respectively. These new assignments are downshifted by around ∼ 10 cm −1 and ∼ 22 cm −1 with respect to those by Groner & Durig (1977) . The peak around 395 cm −1 is assigned here to two overlapping hot bands of the ν 7 bending: (010)→ (011) and (001) in Fig. 1 , unassigned in Groner & Durig (1977) , is the hot band (100)→(120).
The complete lists of the experimental wavenumbers for both DME and 13 C-DME, along with their assignments and calculated torsional splittings, are displayed in Table 2 (Appendix). The accuracy of the reported wavenumbers is mainly determined by the line shape, as a result of the (unresolved) rotational structure and/or torsional splittings. Thus, the quoted uncertainties range from ±0.2 cm −1 for isolated narrow bands up to ±0.5 cm
for broad, overlapped, or weak bands. As a representative check, the (001) bending energy levels, observed here at 412.5 cm −1 for DME and 410.0 cm −1 for 13 C-DME, are consistent within experimental error with the more accurate values (412.350 cm −1 and 409.993 cm −1 )
reported recently by Kutzer et al. (2016) .
It is worth to discuss the isotopic shifts, from DME to 13 C-DME, of the peaks in Fig. 1 in light of this new assigment. The larger isotopic shifts (∼ 2.5 cm −1 ) are those of the COC bending mode (and their overtones and combinations), which are directly affected by the increased mass of one of the C atoms. On the contrary, in zeroth-order approximation, the torsional modes, (due to the internal rotation of the two methyl groups) should not be affected by the mass of the C atoms, because they lie on the rotation axis, and thus do not contribute to the rotor moment of inertia. Of course, coupling between the bending and the torsional modes leads to the observed isotopic shifts of the torsional overtones. The ν 15 mode is more strongly coupled to the bending of the COC skeletal frame (as revealed by its higher frequency and intensity) than the ν 11 mode. Thus, the new assigment proposed here is further supported by the tiny isotopic shift (0.2 -0.4 cm −1 ) of the peaks involving ν 11 , as opposed to those (∼ 1 cm −1 ) involving ν 15 .
To obtain the best fit parameters of the effective Hamiltonian, we started from the ab initio potential energy surfaces and the ab initio kinetic parameters calculated in our previous works on DME (Villa et al. 2011 ) and 13 C-DME . Those ab initio calculations provided a reasonable description of the torsional features but failed to reproduce the bending fundamental ν 7 (421.64 cm −1 ab initio vs 412.35 cm −1 observed by Kutzer et al. (2016) ). The ab initio Hamiltonian was then refined in this work following three steps: i) the adjustment of the bending fundamental close to the experimental value;
ii) the reassignment of the two torsional fundamentals and their overtones according to the new Raman spectra; iii) the assignment of the other observed bands and the subsequent global fit of the Hamiltonian. The main difference, between the old Hamiltonians from Villa et al. (2011) and Carvajal et al. (2012) and the present one, involves the second step. These three steps are detailed next.
i) The main weakness of the ab initio potential energy surface (Villa et al. 2011) concerns the employed definition of the COC-bending coordinate, which was set to the COC angle α, missing the contribution of other coordinates such as the in-plane HCO angles. Therefore, for a more realistic description of the COC bending, a new α coordinate was introduced
where F is a factor which corrects the contribution of the curvilinear internal coordinate angle to the normal COC-bending coordinate. Hence, the B α,α kinetic parameter was also corrected in all the conformations. For DME and 13 C-DME, F was optimized to be 1.954 (Villa et al. 2011; Carvajal et al. 2012 ) to reproduce the experimental bending energy term values. This represents a coordinate correction lower than 2%.
ii) The ab initio torsional overtones of DME (Villa et al. 2011) , when compared with the experimental data by Groner & Durig (1977) , yielded the differences (obs-calc) ∆ = 395.5 − 388.61 = +6.89 cm −1 for 2ν 11 , and ∆ = 481.2 − 487.22 = −6.02 cm −1 for 2ν 15 .
One torsional overtone seemed to be underestimated by the calculations whereas the other one appeared overestimated. In the subsequent adjustment (Villa et al. 2011) , the potential term B 011 in Eq. 3, one of the main responsible for the gap between ν 11 and ν 15 bands, had to be forced and strongly modified to reproduce the old data.
Here, with the new Raman reassignments, the discrepancies between experimental and ab initio values decrease significantly: ∆ = 385.2 − 388.61 = −3.41 cm −1 for 2ν 11 , and ∆ = 482.0 − 487.22 = −5.22 cm −1 for 2ν 15 . Thus, both overtones appear now at higher frequencies in the calculations, and gaps between torsional levels are described correctly without any refinement of the B 011 parameter.
iii) To reproduce the newly assigned experimental bands, just a few parameters of the Hamiltonian need to be optimized: one kinetic parameter and two potential parameters. In Table 3 in the Appendix the fitted effective potential coefficients (A 200 , A 020 ) are indicated.
The new optimized Hamiltonians are more confident to be used in the assignments of other bands of the two isotopologues and in future works. For example, the infraredforbidden torsional fundamental ν 11 of DME, calculated ab initio at 199.16 cm −1 is predicted now at 198.33 cm −1 , much closer to the present experimental observation at 197.8 cm
(see Figure 2) . Table 1 lists the torsional-bending energies for DME and 13 C-DME up to ∼860 cm −1 calculated in this work, and compared with those reported previously. It should be stressed that the calculated energy levels could be labelled within a (v 11 v 15 v 7 ) scheme up to ∼ 825 cm −1 , as listed in Table 1 . For higher energies, the large torsional splittings and mixing of the wavefunctions impedes to assign unambiguously such a (v 11 v 15 v 7 ) label to all the computed levels, especially for the less symmetric 13 C-DME. The experimental Raman transition wavenumbers of DME and 13 C-DME, and their assignments, are listed in Table 2 (Appendix) to facilitate the understanding of Figures 1 and 2 , along with the calculated wavenumbers from the fitted energies of Table 1 .
Concluding remarks
The spectrum of DME and isotopologues in the THz region is rather complex due to the high density of states, the torsional splittings, the coupling of the torsional overtones with the COC bending mode, and the presence of many hot bands. Thus, a conclusive assignment of the far infrared spectrum is greatly facilitated by measurements at different temperatures to distinguish between cold and hot bands. This is one of the main results of the present work.
New laboratory measurements of the torsional Raman spectrum of DME and 13 C-DME, from room temperature down to 56 K, are reported. This has allowed us to observe the torsional band ν 11 = 197.8 cm −1 , not reported to date, and to reassign its overtone at 2ν 11 = 385.2 cm −1 and 385.0 cm −1 for DME and 13 C-DME, respectively. In due turn, this has also allowed us to assign correctly all the lowest energy levels (see Table 1 ), which are those relevant for the interpretation of the astronomical observations.
The new Raman measurements have been interpreted with the help of highly correlated ab initio calculations within a 3D torsional-vibrational model. The ab initio parameters of the 3D Hamiltonian have been refined using the new experimental data. In the past, such refinement standed out some problems derived from the lack of experimental data corresponding to the ν 11 torsional mode, and the large density of states in the region of the torsional overtones, where the coupling with the COC bending occur. These problems have been fixed here, reaching a better agreement with the experiment. Eventually, the quantitative interpretation of the energy level structure in molecules with such large amplitude internal motions relies on quantum chemical calculations validated by laboratory data. DME has been observed in excited torsional states in hot astrophysical environments.
The present results can help to the characterization of low energy states which can be responsible for unidentified lines of astrophysical surveys, where the presence of the low energy overtones can be relevant. The best fit Hamiltonian reported here can be used to verify former spectral analyses in the gas phase, and to predict other yet unobserved bands, for future astrophysical detections of other isotopologues of DME in the ISM.
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